Abstract. Transgenic lines of silver birch (Betula pendula) carrying the sugar beet chitinase IV gene were used to study the effects of the heterologous expression of a transgenic chitinase on the performance of lepidopteran herbivores. The effect of wounding the leaves of birch on the performance of lepidopteran larvae and the growth of trees was also studied. Larvae of Orgyia antiqua L., Lymantriidae, and Phalera bucephala L., Notodontidae, were separately fed on the leaves of transgenic and wild-type birch, and their performance measured using nutritional indices. The relative growth rate (RGR) of O. antiqua larvae fed transgenic leaves was significantly lower than that of larvae fed wild-type leaves. Furthermore, there is little evidence that transgenic chitinase affects survival but it was lowest for the group of larvae fed leaves with the highest expression of chitinase IV. Wounding did not have a significant effect on the performance of the larvae or on the growth of the branches of the trees. The growth of branches of particular transgenic lines, however, was significantly associated with tree line. The performance of P. bucephala larvae fed leaves of transgenic and wild-type birches did not differ. The leaves used in both experiments from transgenic trees were shorter than those from wild-type trees. Using transgenic birch expressing sugar beet chitinase IV to improve the resistance of birch to fungal diseases can have negative effects on O. antiqua larvae feeding on the leaves of these birches. P. bucephala, however, was not similarly affected, which indicates that these two ecologically similar lepidopteran species may differ in their response to transgenic chitinase.
INTRODUCTION
The effects of genetically modified (GM) trees on forest ecosystems are difficult to predict because of the long life cycles of trees and their complex interactions with other organisms (Brunner et al., 2007; Hjältén et al., 2007) . Genetic modifications for improved disease resistance are of particular concern due to potentially harmful non-target effects (Myhr & Traavik, 2002; Valenzuela et al., 2006) . Birch lines carrying a chitinase IV gene from sugar beet under the CaMV 35S promoter, which increases their resistance to fungal diseases to varying degrees (Pappinen et al., 2002; Pasonen et al., 2004) , were used to determine the effect chitinase 1V has on the growth and performance of two lepidopteran species (Orgyia antiqua L. and Phalera bucephala L.) by feeding them on the leaves of transgenic birch. Both species belong to the subfamily Noctuoidea, feed on deciduous trees and shrubs and occur as larvae mid to late in the season (Seppänen, 1970) . Outbreaks of O. antiqua sometimes occur, especially on bilberry (Vaccinium myrtillus L.) in Finland (Pohjola, 1947) , whereas P. bucephala is less widely distributed and relatively common (Marttila et al., 1996) . Previously, experiments on the resistance of GM trees to insect herbivores (Yang et al., 2003; Barbehenn et al., 2007; Wang et al., 2007) have used broadleaved trees with a genetically modified lignin biosynthesis pathway (Pilate et al., 2002; Tiimonen et al., 2005) with variable results. Previously we reported the effects of transgenic silver birch carrying the sugar beet chitinase IV gene on mycorrhizae (Pasonen et al., 2005 (Pasonen et al., , 2009 ) and soil organisms (Vauramo et al., 2006) .
Chitinases are able to hydrolyze chitin, the main component in fungal cell walls, insect exoskeletons (Collinge et al., 1993) and the peritrophic membrane lining the gut of insects (Hegedus et al., 2009) . Gene expression and production of chitinases in plants is induced by various factors, such as feeding by Lepidoptera and other insects (Krishnaveni et al., 1999; Walling, 2000; Major & Constabel, 2006; Ralph et al., 2006) . Function of insect chitinases are not thoroughly understood, but they do have a role during the larval stage of an insect's life cycle, especially during moulting (Merzendorfer & Zimoch, 2003) , and their enzymatic properties are very variable (Zhu et al., 2008) . Heterologous expression of transgenic chitinase can affect the normal chitinase metabolism of insects that feed on them (Merzendorfer & Zimoch, 2003) or impair the performance of insects by affecting the chitin lining of their guts (Brandt et al., 1978; Regev et al., 1996; Kramer & Muthukrishnan, 1997) .
So far only plants of the families Solanaceae and Brassicaceae producing transgenic chitinase have been fed to insects. Lepidoptera fed on transgenic plants expressing chitinase originating from a plant, insect or virus are adversely affected (Ding et al., 1998; Wang et al., 2005; Fiandra et al., 2010) to varying degrees (Gatehouse et al., 1997; Jouanin et al., 1998; Schuler et al., 1998) . Transgenic tobacco expressing chitinase originating from poplar inhibit the development of Colorado potato beetle (Leptinotarsa decemlineata) (Lawrence & Novak, 2006) and transgenic (viral) chitinase also reduces the damage caused by fungal pathogens and lepidopterous larvae (Corrado et al., 2008) , which indicates that transgenic chitinases adversely affect lepidopterous larvae. However, the performance of aphids infesting transgenic plants expressing chitinase is improved (Saguez et al., 2005; Vihervuori et al., 2008) . The differences between predictions and experimental results indicate there is uncertainty (Myhr & Traavik, 2002) about the effects of transgenic chitinases on insects and variation among insects in their sensitivity to chitinases (Kramer & Muthukrishnan, 1997; Jouanin et al., 1998; Schuler et al., 1998; Liu et al., 2006) .
Performance of an insect herbivore is dependent on host plant quality (Awmack & Leather, 2002 ) (including carbon, nitrogen, defensive metabolites and leaf properties like water content), which in turn is dependent on resistance reactions. Insect larvae prefer nitrogen and avoid harmful and poisonous chemicals (Scriber & Slansky, 1981) . The effect of food quality can be measured using nutritional indices like relative growth rate (RGR) and the efficiency of conversion of ingested food (ECI) (Price, 1997). To induce resistance reactions, wounding is often used, for example, by ripping or stapling leaves (Hjältén, 2004) . A rapid induced reaction (RIR) may be induced in plants by wounding, which can in the same season result in a lower consumption by herbivores (Karban & Myers, 1989) . RIR in Betula is strongest on the wounded branch and has little effect on other branches (Wratten et al., 1984; Haukioja & Hanhimäki, 1985) . Though, induced responses of trees are less studied than those of herbaceous plants (Eyles et al., 2010) , wounding is known to induce chitinase production in poplar leaves, which is a significant part of the woundinduced defence response of poplar (Christopher et al., 2004) . It is suggested that there is a trade-off in the allocation of resources in plants to growth and defence (Herms & Mattson, 1992) . Little is known about resource allocation in transgenic plants (Coviella et al., 2002; Wu et al., 2011) or of the growth responses of transgenic plants, or that of their insect herbivores to the wounding of plants (Walling, 2000; Howe & Schaller, 2008) .
In this study, we hypothesized that constitutive expression of sugar beet chitinase IV gene in transgenic birch has negative effects on their lepidopterous herbivores. Although this transgene is targeted against fungal pathogens it may have a harmful non-target effect on Lepidoptera. Two different experiments were conducted with two ecologically similar species of moth. We tested the differences in the rapid induced resistance reactions (RIR) to wounding of transgenic and wild-type trees, and determined whether these reactions affect the performance of O. antiqua and the growth of the trees. Because the responses of plants to herbivory are influenced also by other biotic factors such as fungi (Stout et al., 2006) , we suggest that the responses of trees genetically modified to be more resistant to fungal diseases and wild-type trees to insect feeding will vary.
MATERIAL AND METHODS

Plant material
The sugar beet chitinase IV gene was transferred to leaf explants of Finnish silver birch clone JR ¼ (progeny of controlled cross E1970 × E1980). Sugar beet chitinase IV gene was introduced in the binary plasmid pBKL4K4 with enhanced (4×) CaMV E35S promoter, nptII (neomysin phosphotransferase) gene under the control of nos promoter for kanamysin selection and uidA reporter gene coding for the enzyme -glucuronidase (GUS). Pre-culturing of the plant tissue, co-culturing with Agrobacterium and selection of transgenic tissue are described in more detail by Pappinen et al. (2002) . The transgenic and wildtype clones were grown in a greenhouse for 18 months before transferring to the field in October 2000. The field trial was established as a randomised block design consisting of 15 blocks, each containing one replicate of each type of plant. The height of the plants was approximately 1-2 m when harvested in autumn 2003. Plant material from the field (transgenic lines Chi 1 -Chi 15, of which Chi 1, 2, 10 and 12 were used together with the corresponding wild-type clone) was fed to larvae of O. antiqua ( Table 1 ). The same transgenic lines were grown in the greenhouse and used later in 2007 in the feeding experiment with P. bucephala (of which lines Chi 1, 2, 3, 5, 7, 10, 13, 14 and the corresponding wild-type clone were used). The height of the trees was approximately 1-2 m when this study was carried out.
Feeding experiment with O. antiqua Northern blot
The level of expression of the sugar beet chitinase IV in the leaves of the trees grown in the field trial was measured using Northern blot (Pasonen et al., 2004) and the transgenic lines classified as either high or low according to the level of the chitinase IV transcript. This classification of the transgenic lines was used in the feeding experiment with O. antiqua.
Feeding experiment
The egg batches of both species (O. antiqua and P. bucephala) were stored at low temperature until required for the feeding tests. The larvae of O. antiqua and P. bucephala are the progeny of several females. Before the feeding tests, the larvae were fed non-transgenic birch leaves. The studies started when the larvae reached the second instar (a couple of days old) and finished when the first larvae started to pupate. The larvae that died at the beginning of the experiment were excluded. The adequacy of the food supply was checked daily and fresh, weighed food was added depending on the amount consumed.
O. antiqua larvae were collected from Vaarunvuori, Central Finland (61°56´N, 25°43´E). The feeding test with O. antiqua was conducted in August 2003 (Table 1) . Leaves from wounded and unwounded branches (6th and 7th from the top, respectively) of transgenic and control trees grown in the field were fed to the larvae. Unwounded and wounded leaf material was collected from different branches of the same trees. Each of the test units consisted of seven (boxes of) groups of larvae. Groups of 7 larvae were weighed and put into boxes (56 in total) with weighed leaves from one branch ( Table 1 ). The larvae were reared for 7 days (+20 o C, 18/6 h) and weighed individually.
In both feeding experiments, the faeces and leaf material from the boxes were collected and separated, dried and weighed. Also the moisture content of 20 larvae was determined and used to convert fresh weight into dry weight (FW/DW-ratio). Growth and food consumption indices were calculated according to Waldbauer (1968) and Price (1997) . The indices used were: RGR (relative growth rate, calculated as: [gained weight / (time / mean weight)], RCR [relative consumption rate, calculated as: (food consumed / time) / gained weight], ECD (efficiency of conversion of digested food, calculated as: gained weight / (ingested food -faeces) * 100 %, AD [approximate digestibility, calculated as: (ingested food -faeces) / ingested food * 100 %] and ECI (efficiency of conversion of ingested food, calculated as: gained weight / food ingested * 100 %) and survival as percentage of larvae that survived.
Wounding treatment
Wounding treatment was used to (A) measure the effect of wounding on plant growth and (B) on larval growth (O. antiqua). Induced responses were studied by wounding eight field grown transgenic birch lines (1, 2, 4, 5, 10, 12, 13 and 14) with different levels of the sugar beet chitinase IV transcript (Table 1) . Seven trees of each transgenic line and 14 of the wild type clone were used. All the leaves on a branch were wounded by tearing off the apical half of the lamina of each leaf on 27th May 2003 (about 2.5 months before the feeding tests were conducted on O. antiqua), before the leaves were fully grown. The control leaves were left intact. The 5th and 6th branches from the top of the tree were wounded. The 4th and 7th branches were used as unwounded controls. Branches 4 and 5 were used to measure the growth response of the branches and 6 and 7 for the insect feeding tests. To measure the growth response, the length of the branches was measured early in the season when some of the branches were wounded (27-28th May 2003) and again when the trees ceased growing (26th August 2003). The growth response was measured in terms of percentage increase in length of the branches between these two dates. Also the number of branches was counted in May and August.
Leaf measurements
In both feeding tests, fresh/dry weight ratio (FW/DW) of the leaves was determined and used to calculate the dry weight of consumed/ingested leaf material (oven-dried at +80°C, for 2 days, followed by 1 day in a desiccator). The lengths of the lamina of the leaves were also measured to determine the difference between leaves from wild type and transgenic trees.
Feeding experiment with P. bucephala RT-PCR
The sugar beet chitinase IV expression in the leaves of the greenhouse grown trees was studied by reverse transcriptionpolymerase chain reaction (RT-PCR). Total RNA was isolated from the birch leaf samples as described by Chang et al. (1993) . 1 µg of RNA was digested with DNase I (Finnzymes) and directly used for cDNA synthase by Superscript III reverse transcriptase (Invitrogen) with anchored polyT (T 20VN) according to the manufacturer's instructions. Primer pairs for chitinase IV were 5'-TGCCTCTAATTTATGTTGTAGCCG (forward) and 5'-CCCTTGGCATTGACGATAAC (reverse). The synthesized cDNA was amplified by PCR with DyNAzyme TM II DNA polymerase (Finnzymes, Espoo, Finland) in a reaction mixture containing 1× dynazyme buffer, 0.1 mM of each dNTP, 0.5 µM of each primer and 0.5 U of dynazyme in a total volume of 25 µl. The PCR program consisted of 28 cycles each of 30 s duration for template denaturation at 95°C, 40 s of primer annealing at 56°C and 50 s extension at 72°C. 500 bp chitinase PCR products were visualized on a 1% agarose gel. GeneRuler TM 1kb Plus DNA Ladder (Fermentas GmbH, Germany) was used. Actin was used as the internal control using the primer 5'-TGGTCAAGGCTGGGTTTGC (forward) and 5'-CTGACCCA TCCCAACCATGA (reverse) (Ruonala et al., 2006) .
Chitinase assay
A fluorometric assay for endochitinase using 4-methylumbelliferyl--D-N,N'-triacetylchitotriose as a substrate (Bolar et al., 2000) was used to determine total endochitinase activity in the leaf samples from the greenhouse grown trees. A fluorometric assay was used to study the relationship between sugar beet chitinase IV expression and total endochtinase activity. The lines showing high chitinase IV expression were expected to show high total endochitinase activity. The leaves were collected from the same trees as the leaf material for the feeding test. 10-15 mg of frozen leaf tissue was ground in assay buffer (1 ml of 10% SDS, 1 ml of 10% Triton X-100, 2 ml of sodium EDTA 0.5 M, 70 µl 14.4 M mercaptoethanol and 96 ml of 100 mM sodium acetate buffer, pH 5.0). used per mg of leaf tissue. 100 µl ground extract was mixed with 40 µl of 4-MU--D-N,N'-triacetylchitotriose substrate (1 mg of substrate dissolved in 3.5 ml of 100 mM sodium acetate buffer, pH 5.0). The reaction was stopped either after 60 min or 90 min using 1.9 ml of 0.2 M sodium carbonate. Fluorescence was determined at 360/460 (excitation/emission) using a Bio-Rad Versafluor fluorometer. Fluorecence of known concentrations of 4-MU was used to plot a standard curve to determine total activity of endochitinase. The amount of protein was determined using Bio-Rad Bradford dye-binding protein assay. The results are expressed as nM MU/min/µg protein.
Feeding experiment
P. bucephala larvae feeding on Betula pendula were collected from Vihti, Southern Finland (60°28´N, 24°26´E) . The feeding test with P. bucephala was conducted in August 2007 using greenhouse grown plant material (Table 1 ). The leaves from the 5th, 6th and 7th branch from the top of the birches were fed to larvae of P. bucephala. There were two (boxes of) groups of larvae in each of the test units. Groups of 6 larvae were weighed and put into boxes (20 in total) with weighed leaves from one tree. The larvae were reared for 10 days in a growing chamber (for details, see Feeding experiment with O. antiqua).
Statistical analyses
To study enzyme activity a one-way ANOVA (and Dunnet's test) was used. To study the effects of the level of expression of sugar beet chitinase IV and wounding treatment on the feeding performance and nutritional indices of larvae, and growth response (wounding treatment) of the trees, fixed-effects 2-way ANOVA was used (only with O. antiqua). One-way ANOVA was used to study the effects of the level of total endochitinase activity on the nutritional indices of the larvae of P. bucephala. One-way ANOVA was used to study the leaf measurements. Kruskal-Wallis test was used to test the differences among the transgenic lines and Mann-Whitney test for pairwise comparisons between the transgenic lines or expression groups (high vs. low) and the corresponding control when non-paramentric testing was needed. SPSS 16 statistical package for Windows was used for calculating all the statistics in both feeding experiments. Pearson correlation was used to study correlations between leaf and larval characteristics. 2. Results of the two-way ANOVA of the effects on the feeding of O. antiqua of the level of expression of the transgene, determined by the Northern blot method, and wounding treatment (tearing off of apical half of a leaf).
RESULTS
Field study Feeding experiment with O. antiqua
The transgenic lines were classified into two groups, high and low expression of sugar beet chitinase IV, based on the results of the Northern blot analysis (Pasonen et al., 2004) (Table 1 ). The level of transgene expression had a significant effect on the relative growth rate (RGR). Wounding did not affect any of the parameters studied ( Table 2 ). The nutritional indices of the larvae fed unwounded leaves were generally higher than those fed leaves from wounded branches (Fig. 1) . There was more variation in the results for wounded than unwounded leaves.
Although not significant so, survival and many of the nutritional indices (RGR, ECD, ECI and AD) were lowest for the larvae fed leaves with a high expression of sugar beet chitinase IV (Fig. 1) . Transgenic line 12 was the worst in terms of many of the parameters measured in the O. antiqua experiment. Larvae fed on leaves from line 12 had the lowest values of RGR, ECD, ECI and survival compared with other lines and the control, especially the consumption of wounded leaves. RGR of larvae fed on line 12 was significantly lower than that of the control (pooled group U = 7.00, Z = -2.231, p < 0.05).
Growth response of birch branches to wounding
The growth of the branches was significantly associated with tree line (F = 2.148, df = 9, p < 0.05) but not wounding (data is not shown). There was no interaction between the transgenic lines and the treatment indicating that all the transgenic lines responded in a similar way to wounding. Also the level of transgene expression had no influence on the growth of the branches, either wounded, unwounded or pooled branches. The growth response of the transgenic lines to wounding did not differ significantly from that of the control plants or between transgenic lines. In spite of the fact that the transgenic lines showed a slightly greater growth response to wounding than control trees, transgenic lines had both lower absolute and relative branch growths than the control, when the results for the wounded and unwounded branches were pooled. The relative branch growth of one transgenic line (7) was significantly lower than that of the control (pooled group U = 26.000, Z = -2.255, p < 0.05). Relative branch growth did not differ between the transgenic lines in either the wounded or unwounded group.
Leaf measurements
The leaves of transgenic birches were significantly shorter than those of the control plants in both feeding experiments, when all the results for the transgenic lines were compared with the control. In the study with O. antiqua, transgenic lines 2 and 10 had lower water content ratios (FW/DW) compared with the control plants (U = 3685, p < 0.001; U = 249,000, p < 0.01, respectively). The leaves were shorter in most of the transgenic lines (1, 10 and 12) than in the control plants (p < 0.01, p < 0.001, p < 0.001, respectively). The FW/DW did not differ between wounded and unwounded leaves. The RGR of O. antiqua larvae was correlated with leaf length (0.973, p < 0.01). None of the other insect parameters studied were correlated with the leaf water content ratio.
Greenhouse study
Chitinase IV expression and enzyme activity Sugar beet chitinase IV expression was examined using the RT-PCR method and leaves of greenhouse grown birch lines. All lines studied were confirmed to be transgenic and expressing the chitinase IV gene (only line 7 showed very weak transgene expression) (Fig. 2) . Total endochitinase activity in most of the transgenic lines was only slightly higher or equal to that of the non-transgenic control. Transgenic line 14 showed a significantly (p < 0.05) higher and line 10 almost significantly higher total endochitinase activity than the control (Tables 1 and 3 ). The transgenic lines tested were classified into two groups (high or low total endochitinase activity) based on the results of the chitinase assay. The increase in total endochitinase activity was assumed to be due to the functioning of the chitinase IV transgene. If the increase in total endochitinase activity was equal to or more than twice that of the non-transgenic control, the transgenic line was classified in the "high endochitinase activity" group. Four lines (1, 2, 10 and 14) were classified in this group (Tables 1 and 3) .
Because the classification of the lines was based on their comparative expression, based on RT-PCR or Northern blot, those lines with moderate expression were classified into "high" or "low" groups depending on their level of expression relative to the other lines within the same experiment. Hence lines 1 and 2 were classified into different groups in the Northern blot and RT-PCR analyses.
Feeding experiment with P. bucephala
The level of total endochitinase activity did not have a significant effect on any of the parameters of P. bucephala measured (Table 4) , i.e. there were no differences in the nutritional indices or feeding performance of larvae fed leaves with a high or low total endochitinase activity and on control leaves. Nevertheless, the propor- Chitinase activity (nM MU/min/µg protein) Line TABLE 3. Total endochitinase activity of the chitinase transgenic lines and non-transgenic control determined using a fluorometric assay (fold change = increase in total endochitinase activity compared to the control). TABLE 4 . Results of the one-way ANOVA of the effects on feeding and growth of larvae of P. bucephala that were fed leaves with different levels of total endochitinase activity.
tion of leaves consumed and digested by larvae was slightly lower for those fed leaves with high endochitinase activity than those fed leaves with low levels of endochitinase activity or those from control plants (data not shown).
Leaf measurements
In the study with P. bucephala, lines 1 and 10 had higher FW/DW than the control plants (p < 0.001, p  0.001, respectively). The leaves were significantly shorter in three of the lines (lines 3, 5 and 10) compared to those of the control plants (p < 0.01, p < 0.01, p < 0.001, respectively). Leaf properties, like length and water content, were correlated with larval performance, such as feeding indices and proportions of ingested and digested food. Most notably, food ingested and digested, RGR, AD, ECI and survival were correlated with leaf water content, with both positive and negative correlations recorded (-0.842, p < 0.01; 0.707, p < 0.05; -0.861, p < 0.01; 0.887, p < 0.01; 0.928 p < 0.001; -0.855, p < 0.01, respectively) . Leaf length did not correlate with any of the parameters studied.
DISCUSSION AND CONCLUSIONS
Survival and many of the nutritional indices (RGR, ECD, ECI and AD) of O. antiqua larvae fed leaves showing high sugar beet chitinase IV expression were among the lowest recorded. This indicates that the conversion of absorbed nutrients into caterpillar biomass was the lowest for those O. antiqua larvae fed leaves with a high chitinase expression. Some earlier studies show that transgenic chitinase may have a strong effect on insect growth and development (Regev et al., 1996; Lawrence & Novak, 2006; Corrado et al., 2008) . The transgenic chitinase may affect lepidopteran larvae directly by damaging the peritrophic membrane (PM) lining the gut of insects (Kramer & Muthukrishnan, 1997; Lawrence & Novak, 2006) . Insect growth and development is very dependent on their capability of quickly remodelling the chitinous structures in peritrophic matrices just before moulting. Thus, chemical compounds that interfere with chitin metabolism may affect insects negatively (Kramer & Muthukrishnan, 1997; Merzendorfer & Zimoch, 2003) . Viral chitinase fed to lepidopteran larvae causes large lesions in the peritrophic membrane (Rao et al., 2004) , which greatly increases its permeability (Fiandra et al., 2010) . The effect on the larvae is a reduction in the efficiency with which food is converted to body mass. This is reflected in feeding indices like ECI and ECD, as recorded for O. antiqua fed leaves from line 12. However, sugar beet chitinase IV did not affect the performance of P. bucephala, which indicates that the response of a lepidopteran herbivore to transgenic chitinase is likely to depend on the species. Feeding P. bucephala on water stressed B. pendula leaves results in higher ECI values, which indicate improved fitness (Thomas & Hodkinson, 1991) . It seems that the chitinase transgene had less of an effect on P. bucephala larvae than water stress. Whether the variation in the sensitivity of different lepidopteran species to the same chitinase is due to differences in the structure or composition of their peritrophic membranes needs further study.
The differences in the response of larvae of O. antiqua fed wounded or unwounded leaves indicate that birch show a rapid induced reaction (RIR) to wounding and the survival of larvae fed on wounded leaves with high chitinase IV expression was lower than on unwounded leaves. The RIR might have been strongest immediately after wounding, but may remain for weeks or even months as shown by Wratten et al. (1984) . Because wounding did not result in a change in the water content of the leaves, the lower consumption rates may be linked to a change in the C/N balance of the leaves (Herms & Mattson, 1992) . In earlier studies, the effects of wounding were variable (Nykänen & Koricheva, 2004) . The larvae of Spodoptera littoralis Boisduval and O. antiqua consume fewer wounded than unwounded leaves (Wratten et al., 1984) . In addition, Spodoptera litura Fabricius, which is a generalist, prefers unwounded leaves, whereas the specialist Plutella xylostella L. prefers wounded leaves (Mathur et al., 2011) . The effect of wounding on larval performance depends on the species of insect studied (Hartley & Lawton, 1987; Haukioja, 1990) . A strong induced response is recorded for early season herbivores on birch (Hanhimäki, 1989) or species that are more specialized on birch, because specialists may react to small changes in plant quality (Reavey, 1991) . Nevertheless, artificial wounding differs from natural damage (Hjältén, 2004) and the results so obtained cannot be directly compared with natural consumption.
The growth response of the branches to wounding was similar in the transgenic and non-transgenic control plants. The chitinase IV transgene did not have a significant effect on branch growth, but there was a tendency of most transgenic lines to show a lowered percentage growth. In other studies, wounding had a more negative effect on tree growth than recorded in our study (Hjältén et al., 1993; Nykänen & Koricheva, 2004) . Our results might be explained by either the amount of leaf biomass removed was too small or the intensity and duration of induced responses are variable (Haukioja, 1990) .
Transgenic status did not have an effect on the FW/DW of the leaves and the FW/DW ratio of the leaves was not associated with the level of expression of sugar beet chitinase IV, but seemed to be associated with differences in the performance of P. bucephala larvae. Leaf moisture is an important trait affecting the performance of herbivorous insects on birch (Haukioja, 2003) . Performance of O. antiqua was associated with the length of the leaves, which were shortest on the lines with highest expression of chitinase IV. Leaf length is an important factor determining the feeding preference of insects on birch (Suomela et al., 1995) . In addition, transgenic poplar trees bear shorter leaves than wild type control trees (Poupin & Arce-Johnson, 2005) . The influence of chitinase IV transgene on plant growth and morphological features may be pleiotropic effect of the transgene .
Silver birch has endogeneous chitinase genes and altogether thirteen partial chitinase sequences, with an approximate length of 600 bp, are recorded in silver birch EST libraries (Aalto & Palva, unpubl. data) . These chitinase sequences belong to five chitinase classes and some of them are very similar in structure to the sugar beet chiIV gene (Lohtander et al., 2008) . Hence, the constitutive expression of an exogeneous chitinase gene could disturb the functioning of the silver birch's own endogeneous chitinase genes, which are likely to have functions other than pathogenesis (Griffith & Yaish, 2004; Fossdal et al., 2007; Distefano et al., 2008) . This could also explain the low increase in total endochitinase activity recorded in the plant material used in this study.
To conclude, our results show that the heterologous expression of sugar beet chitinase IV in transgenic silver birch can have negative effects on the performance of O. antiqua larvae feeding on the leaves of transgenic birch. Especially for unwounded leaves, there is a clear increasing trend in indices like RGR, ECD and ECI, when the larvae are fed leaves from the lines with high chitinase expression and the wild-type control-groups. The chitinase IV transgene had no effect on the larvae of P. bucephala, which indicate that Lepidoptera are not all, equally affected by transgenic chitinase. The effect of transgenic chitinases on lepidopteran larvae can be direct, if they hydrolyse the chitin in the gut of larvae or indirect when they affect the traits of leaves like moisture.
